Abstract. Energies, transition rates, line strengths and lifetimes have been computed for all levels of the 4p 6 and 4p 5 4d configurations of W 38+ by using the multiconfiguration Dirac-Hartree-Fock method as well as relativistic many-body perturbation theory. We investigate systematically correlation, relativistic and QED effects on different properties, including excitation energies and transition rates. We demonstrate that it is important to include core-valence correlation of rather deep subshells (including 3d and 3p) to reach close to spectroscopic accuracy for the transition energies. We also show that high multipole transitions (E3, M2) are important for the lifetime of some metastable levels of 4p
Introduction
Tungsten is important in the diagnosis of astrophysical [1] and fusion plasmas [2, 3] . As an example of the latter, its physical properties makes it useful as a plasma-facing material in the International Tokamak Experimental Reactor (ITER) [4] . Accurate and reliable atomic data on tungsten ions are therefore in high demand, which has initiated a large number of both experimental and theoretical investigations (see e.g. the reviews in [5] [6] [7] [8] and some examples of recent works in [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] ).
The present work is focused on Krypton-like tungsten, W 38+ , which has the ground and the first excited electron configurations 4s 2 4p 6 and 4s 2 4p 5 4d, outside a 1s 2 2s 2 2p 6 3s 2 3p 6 3d 10 core. The ground configuration only have one J = 0 state while the first excited configuration has states with 0 ≤ J ≤ 4. This will open up possibilities for many forbidden transitions -both inter-configurational to the ground state, and intra-configurational within the excited configuration (see figure 1) .
Earlier theoretical models of W 38+ [21] [22] [23] [24] [25] have been limited to just a few transitions and levels. On the experimental side, Radtke [21] observed two allowed E1 lines belonging to the transition array of 4p 5 4d − 4p 6 (J = 1 − J = 0) for the first time at the Berlin electron-beam ion trap (EBIT), and later Utter [22] remeasured these lines and identified one more E1 line, and four other lines which were reported without classification. Around six years later, Radtke [23] measured three intra-configuration, forbidden M1 lines between 4p 5 4d-levels. On the theoretical side, Kramida et al [7] reported on energy levels and transition wavelengths obtained with the Cowan code [26] for the observed lines discussed above, which are collected in the NIST Atomic Spectra Database [27] . Fournier et al [24] performed calculations on W 38+ by using the graphical angular momentum coupling code ANGLAR [28] and the fully relativistic parametric potential RELAC program by Klapisch et al [29] . They reported the transition properties for electric and magnetic dipole and quadrupole (E1, M1, E2, M2) in the X-ray and XUV region (0 < λ < 20 nm). However, they included only a limited treatment of correlation and ignored Quantum Electro-Dynamical (QED) corrections.
Recently Gaigalas et al [25] reported calculated energy levels and lifetimes of the 4p 6 and 4p 5 4d configurations using the multi-configuration Dirac-Hartree-Fock method (MCDHF) of the GRASP2K program package [30] for Kr-like ions, including W 38+ . Although there was good convergence in wavelengths as well as length and velocity values of the transition rate, their computed wavelengths for transitions from the 4p 5 4d excited states to the ground state are consistently shorter than the observed values. In addition, in their calculation, they assumed the Ni-like core as inactive and they computed lifetimes only from E1, E2, and M1 transitions between these levels.
Grumer et al [16] and Guo et al [31] emphasized the importance of deep-corevalence correlation effects in Ag-like (4d 10 4f ) and Co-like (3p 6 3d 9 ) ions. Karpuškienė et al [32] investigated the contribution of M2 and E3 transitions to the decay of metastable levels belonging to 4p 5 4d N +1 and 4p 6 4d N −1 4f . It was shown that these high multipole order transitions could significantly change the theoretical radiative lifetime values for some levels. In this work we will therefore analyse the impact of core-valence correlation with deeper subshells on the transition energies and rates of Kr-like W 38+ , as well as the effect of higher-order multipole transitions on the radiative lifetimes.
Theoretical Method
The aim of the present work is to accurately determine electric and magnetic dipole, quadrupole and octupole (E1, M1, E2, M2, E3) transition properties, involving all of the levels belonging to the ground and the first excited configuration 4s 2 4p 6 and 4s 2 4p 5 4d of W 38+ . Our first method of choice is the MCDHF method as implemented in the GRASP2K program suite [30] . In order to confirm the accuracy of the results, we have also performed an independent second-order relativistic many-body perturbation theory (RMBPT) calculation using the Flexible Atomic Code (FAC) [33] .
Both of the methods start from the Dirac-Coulomb (DC) Hamiltonian
where h d (i) is the Dirac Hamiltonian for one free electron, V nuc (r) is the nuclear potential Z/r i corrected for a non-point nucleus, r i is the radial coordinate of the electron i, and r ij is the distance between the electrons i and j. Corrections to the instantaneous electron-electron interaction is introduced in both approaches through the frequencyindependent Breit interaction [34, 35] 
where α i is the Pauli matrices. This results in the Dirac-Coulomb-Breit Hamiltonian
It should be made clear that the Breit interaction in GRASP2K actually is evaluated from the full frequency-dependent expression of the transverse photon interaction (see equation 52 in [36] ), but in this work it is evaluated in the long-wavelength limit of the exchanged photon which reduces to the frequency-independent expression above. Both approaches also allow for inclusion of self-energy (SE) and vacuum polarization (VP) [37, 38] QED corrections to first order. More details on how the Breit and QED contributions are implemented in the GRASP2K and FAC codes, will be given in the two following sections.
The GRASP2K multi-configuration Dirac-Hartree-Fock method
The MCDHF method is based on a representation of the atomic eigenstate -the atomic state function (ASF), Ψ(ΓπJ) -in terms of a linear combination of configuration state Energy levels and radiative data for Kr-like W 38+ from MCDHF and RMBPT calculations4 functions (CSFs), Φ(γ i πJ),
where π and J denote parity and total electronic angular momentum respectively, and the γ i 's are labels chosen to uniquely define the individual CSFs. The ASF label Γ is usually assigned according to the γ i of the dominant CSF component. The CSFs are constructed from single-electron Dirac orbitals according to standard parity and angular momentum symmetry rules [39] . In the MCDHF approach, the coefficients c i and the CSFs are determined by solving the coupled MCDHF integro-differential equations, based on the H DC Hamiltonian and derived by using a variational approach [39] , applying a self-consistent field (SCF) method. A restricted active space (RAS) [40] of CSFs is generated from an active set (AS) [41, 42] of orbitals together with choice of reference CSFs, the multireference (MR), and rules concerning active electrons and number of substitutions. An advantage of this approach is that the AS can be increased systematically, while monitoring the convergence of the atomic properties of interests, until an effectively complete basis set of CSFs has been found. The Breit interaction and dominant QED contributions (the self-energy and vacuum polarization) are then added in a final relativistic configuration interaction (RCI) calculation -i.e. without re-optimisation of the orbitals.
To be more specific, the Breit interaction is included as an additional interaction term in the total Hamiltonian (i.e. it is applied to all matrix elements) whereas the self-energy and vacuum polarization effects are included only as diagonal contributions (i.e. to first order). The most important radiative correction is the self-energy, which in GRASP2K is evaluated from tabulated one-electron (hydrogenic) values (see equation 55 and 56 in [36] ) with reference values from [43] . The second most important radiative correction is vacuum polarization which is included as expectation values of the Uehling and Kjällén-Sabry potentials respectively [44] using the one-electron orbitals obtained in the MCDHF-SCF procedure (see equation 57 in [36] ).
Once well-converged and effectively complete ASFs have been obtained, other physical properties, such as radiative transition rates, can be determined. The relativistic electric multipole transition operator is usually expressed in the length (Babushkin) or velocity (Coulomb) gauge [45] , which should give equal results under the assumption that the ASFs are the exact eigensolutions. The level of agreement between these two gauges is therefore commonly used as a quality indicator of the computed approximate eigenstates -the ASFs.
The W 38+ ground configuration 4p 6 (even parity) and first excitation configuration 4p 5 4d (odd parity) are determined in independent calculations using the extendedoptimal level (EOL) scheme with standard weights. A biorthogonal transformation technique is applied during the calculation of the E1, M2 and E3 transition parameters in order to deal with the non-orthogonality between the even and odd sets of orbitals [46] . We will present the results from three different approximations -a Dirac-HartreeFock (DHF) model where only one configuration is included for each parity, a valencevalence (VV) and finally a larger core-valence (CV) correlation model. Both the VV and the CV approaches are single-reference models (i.e. 4p
6 and 4p 5 4d for the even and odd calculations respectively).
For the VV model, we include all single and double (SD) substitutions from the valence shells of the reference configuration. This approach is similar to the one used by Gaigalas et al [25] , except that we included the 7h and 7i subshells in a final step.
Two CV models are employed in this work. In the initial one we include, in addition to the VV model, single substitution from the 3d core subshell which accounts for CV correlation with 3d. We note that the impact from AS 5 in the VV model was small and choose to limit the active space at AS 4 (see the results section for details). The results from this first CV approach will be referred to as CV 3d .
In the second CV model we add CV correlation also with the 3p-subshell, by allowing for single substitution from this subshell into the AS of orbitals. The results from these calculations will be referred to as CV 3p . It should be clarified that correlation with even deeper core-subshells (3s and 2p) were included in test calculations but found to have negligible effects on the properties we are interested in. The CV 3p model presents our largest and most accurate approach.
The FAC Relativistic Many-Body Perturbation Theory method
The theoretical basis of the RMBPT method, as implemented in the FAC code, is based on the Rayleigh-Schrödinger perturbation theory [47] and allows for a combination of configuration interaction and second-order many-body perturbation theory (Gu [33] ). The approach is built on the H DCB , which is split up into a zero-order, model Hamiltonian, H 0 , and a perturbation, V , defined as,
where the U (r) represents a model potential including the screening effects of "other" electrons, chosen to make the perturbation as small as possible. U (r i ) is approximated by a local central potential and is derived from a Dirac-Fock-Slater self-consistentfield (SCF) calculation, which minimizes the weighted mean energy of the involved configurations.
A key feature of FAC is its ability to split up the solution space of the full Hamiltonian H DCB into two subspaces -a model space, M , containing the most important reference configurations, and an orthogonal space, N , including the remaining ones. An all-order, configuration-interaction treatment of the full matrix is applied to the M -space. Contributions from the N -space is then included up to second order through the perturbation V . Several small corrections to the Hamiltonian are also included in the calculations, such as nuclear recoil, vacuum polarization, and electron self-energy. These are all taken into account with, to atomic structure theory, standard procedures, similar to as in e.g. GRASP2K [30] . More details on the theoretical method of FAC is discussed in refs. [17, 33, [48] [49] [50] [51] .
Correlation Model: FAC
The present model space M is spanned by the states belonging to the lowest even configuration 4p
6 and the first excited odd configuration 4p 5 4d, while the N space contains the configurations formed by single and double excitations from the M space. For the single excitations, we included configurations with one electron with principal quantum number n ≤ 125. For double excitations, configurations with one electron with n ≤ 65 and a second with n ≤ 100 are included. The maximum orbital quantum number was always set to l max = 15. All three kinds of electron correlation (VV, CV, and CC) were in effect taken into account since we allow for excitations from all subshells. To investigate the convergence of our approach, we systematically monitor the results while increasing the N space step-by-step, as described in Fei et al [16] . From this we estimate the convergence to be within one part in a million.
Results and Discussions

Excitation energies
We present our final results for excitation energies of W 38+ from the present MCDHF-CV 3p and RMBPT calculations in table 1, and compare them with other available theoretical results [24, 25] and the compilation data by the NIST Atomic Spectra Database [27] . The designation of the levels are given in LS-coupling, which is convenient but have an average purity of only 62%. For completeness, we also give the corresponding jj-coupling labels in table 1, which have an average purity of 98%, to be expected for a highly ionized system. Despite this we follow the convention to label the eigenstates in LS-coupling for the rest of this report.
An energy-level diagram including transition channels is shown in figure 1 where we indicate observed lines (solid arrow) as-well as lines that we predict should be observable due to having a predicted branching fraction larger than 20% (dashed, dotted and dashEnergy levels and radiative data for Kr-like W 38+ from MCDHF and RMBPT calculations7 dotted). [21] [22] [23] and three M1 lines [23] ). The dash, dot, and dash-dot arrow lines represent measurable M1, M2 or E3 transitions respectively, having a branching fraction of B F ≥ 20% (see table 3 ). The dash-dot-dot arrow line represents the hyperfine-induced-E1 (HIT-E1) transition which is not treated in this work.
The NIST [27] compiled energies in table 1 and in figure 2 originate from very different sources. Only three are truly experimental, namely the ones for 3 P 1 , 3 D 1 and 1 P 1 (represented by filled stars in the figure), which are derived from the measured wavelengths of corresponding E1 transitions [23] . The 3 P 0 and 1 D 2 (open stars) and 3 F 3 (upper-half-filled star) energies are determined from semi-empirical Cowan code [26] calculations (Kramida et al [7] ) and therefore put within brackets in the table. The remaining three ( 3 D 2 , 3 D 3 and 3 F 4 ) levels are connected to the ground state via observed M1 lines (as seen from figure 1) to the 3 F 3 level. Their predicted excitation energies are therefore derived from both a theoretical value for the lower 3 F 3 , as well as experimentally determined energies relative to this level. We illustrate this with the use of the +x notation in the table and lower-half-filled stars in the figure.
It is clear that our CV 3p results reproduce well the experimental energies of the three J = 1 levels, within -0.15%, particularly for the 3 D 1 and 1 P 1 . The present RMBPT method underestimates the energies of these two levels by about 0.2%, while the previous MCDHF [25] and RELAC-calculations [24] overestimate them by up to 0.5% and 1.2%, respectively. The discrepancies for these two levels is attributed to the slow correlationconvergence of their energies (see figure 3) .
We note that the previous MCDHF work [25] included only VV correlation, and the RELAC calculation [24] only used a limited model for correlation effects and ignored the Breit and QED corrections. Since the excitation energies of two J = 1 level strongly depend on correlation effects, the RMBPT results could be improved by including higher order perturbation corrections, (as shown earlier for Be-like ions [52] ). The agreement between the NIST compiled energies and ours is also within 0.15%, with two exceptions -the 3 P 0 and 3 F 4 levels. The energy of the 3 P 0 level is taken from Cowan code calculations [26] and differs from the CV 3p result by about −4430 cm −1 . The other large difference of 4057 cm −1 is for the semi-empirical energy of 3 F 4 . We note that there is a large deviation (2.5%) between the observed and calculated wavelength of 3 F 4 − 3 F 3 transition, which puts the identification of this line into question. In table 2 and figure 3 we illustrate the convergence of the excitation energies as a function of the size of the AS, of both the correlations models (VV and CV 3p ). In the plots we define the relative change in energy when moving from AS n−1 to AS n as
It is clear that both models converge at the AS 4 step. The largest δE 4,3 value in the case of the CV 3p model is 0.05%. It is also interesting to note that two levels, the 3 D 1 and 1 P 1 , converge considerably slower than the rest. The contributions from 7h and 7i, investigated in the VV model, are very small (δE 5,4 < 0.01%) which supports that we have converged in the representation of high-l contributions, justifying the limitation of the CV model to AS 4 .
In table 2 and figure 4 we show the contribution from correlation and Breit+QED (BQ) effects to the excitation energies. A relative contribution is defined by
which is illustrated in figure 4 for the MCDHF calculations. To compare, we also compute the corresponding property for the RMBPT method, where we use the RCI results for the M -space instead of DHF. It is clear that CV-contributions are important, especially for the 3 D 1 and 1 P 1 terms. What is more, we notice that when CV correlation with 3p is included, the order of the 1 P 1 and 3 P 2 levels is reversed. This explains the different order of these two terms in the previously performed MCDHF calculation [25] .
The corrections from the Breit interaction and QED (SE + VP) effects, as listed in table 2, change little between the various calculation models. These contributions are also fairly constant within a jj-coupled term, defined as the pair of resulting j quantum numbers for the 4p 5 and the 4d configurations, respectively, and given in table 1. The lowest four states belong to the the corresponding numbers are about −7500 and −1200 cm −1 . Finally, the two highest terms - are lowered by about −12000 and −15000 cm −1 by the Breit and −700 and −500 cm −1 by QED, respectively. (8), for different models. For comparison we have also included the differences between the RMBPT and RCI results (excluding BQ effects). The relative contributions of the different models, eg. δE DHF , δE VV , δE CV 3d and so on, are all in given in relation to E DHF . For example, δE CV3p = (E CV3p − E DHF )/E DHF .
By considering the combined effect of correlation, both VV and CV, as well as Breit and QED, we find a small but significant discrepancy between our two methods -where RMBPT predicts larger excitation energies for lower levels, while for higher levels they are smaller. The difference is related to the different j-values of 4p 5 , that is the "fine structure splitting" between the 1/2 and 3/2 parents. Our RMBPT results seem to underestimate this separation, while the MCDHF model slightly overestimates it.
Wavelength and transition data
In table 3 we present properties for E1, M1, E2, M2 and E3 transitions between the included levels in our final MCDHF-CV 3p approach. For the electric multipoles, we only give the results using the length form of the transition operator, since it in general is considered to give more accurate results than the velocity form [25, 53] . However, we do include an 'indicator of accuracy' factor, δS, for the line strength S [54] ,
which represents the discrepancy in the length (S l ) and velocity (S v ) forms of the line strengths. In most cases δS are within 10%, except for some of the weaker transitions.
It is notable that the M2 transitions from 3 D 2 and 1 D 2 to the ground 1 S 0 state account for more than 20% of their decays, and the E3 transition is the dominant decay channel from 3 F 3 . These high-multipole channels were not included in the earlier MCDHF calculations [25] , which explains why the resulting lifetimes for 3 D 2 , 1 D 2 and 3 F 3 differ from ours by about 22%, 30%, and 6 order of magnitudes, respectively (see table 1 ).
The lifetimes presented in table 1 show that the total correlation contribution generally is dominated by VV effects. The CV correlation does however still play a significant role for transitions involving the odd J = 1 states. For example, in the case of the E1 inter-configurational transition 1 P 1 − 1 S 0 , the VV and CV correlation gives a contribution to the line strength of 17% and 7% while their contributions are 3% and 2% for the M1 intra-configurational transition of 3 P 2 − 3 D 1 , respectively. [23] [24] [25] as-well as experimental data collected by the NIST database [27] . The RMBPT label represents results from the present work, MCDHF from [25] , HULLAC from [23] and RELAC from [24] (see text and table 4). The horizontal lines indicate differences of ±0.4%.
We present in table 4 and figure 5 a comparison of our theoretical wavelengths, from the present CV 3p , and other computed and measured ones for "observable" transitions (with branching fractions greater than 20%).
It is clear that our results agree with experiment for all cases except for the M1-transition 3 F 4 − 3 F 3 . For this case the experimental wavelength disagrees with all theoretical ones, except for the HULLAC [23] , which represents an approach with a much more limited treatment of correlation and other effects. Since the more elaborate calculations agree to within one percent in all cases, we recommend that the wavelength for 3 F 4 − 3 F 3 should be re-investigated. The convergence trend of the lifetimes as a function of an increasing AS is shown in figure 6 . It is clear that, as the basis set is increased systematically according to the description of the CV 3p correlation model, the lifetimes converge to within 0.5% for almost all levels with the exception of 3 D 2 which changes by around 0.7% in the last step. 
Conclusions
In this paper we have presented transition properties for the energy levels of the 4p 6 and 4p
5 4d configurations of Kr-like W 38+ , including E1, E2, M1, M2 and E3 decay channels. Both MCDHF and RMBPT methods were used. The impact of correlation and relativistic effects on the excitation energies and other transition data have been investigated systematically. It was found that the core-valence correlation with the deep subshells 3d and 3p were of importance, especially for the higher J = 1 states, 3 D 1 , 1 P 1 , to reach good agreement with experiments. We have found excellent agreement between the present MCDHF-CV 3p results and measured wavelengths collected in the NIST database, except for the 3 F 4 − 3 F 3 transition. We believe that the identification of this transition therefore is incorrect. We show that it is important to include higher multipole transitions since they might change the theoretical radiative lifetime values substantially for some levels. We found that the dominant decay channel of the metastable 3 F 3 level is the E3 transition to the ground state, 1 S 0 . We also show that the M2 transitions from the 3 D 2 and 1 D 2 to 1 S 0 contributes with about 20% to the their lifetimes. [24] .
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